In a recent study, superdoses (>1,500 U/kg) of a novel microbial phytase improved growth performance, particularly feed conversion ratio (FCR), in 49-d-old broilers fed diets with reduced Ca and available P (avP; Walk et al., 2013) . The authors hypothesized that the improvements in feed efficiency were associated with near complete destruction of phytate and removal of its antinutritive effects, thereby promoting more efficient digestion. This is supported by work demonstrating that added phytate reduces amino acid digestibility and endogenous enzyme activity in broilers and interferes with mineral digestibility through chelation with cations (Cowieson et al., 2006a,b; Liu et al., 2009) . Even the normal levels of phytate found in corn/ soybean meal-based diets can have a negative effect on growth performance and feed efficiency (Li et al., 2000) .
INTRODUCTION
In a recent study, superdoses (>1,500 U/kg) of a novel microbial phytase improved growth performance, particularly feed conversion ratio (FCR), in 49-d-old broilers fed diets with reduced Ca and available P (avP; Walk et al., 2013) . The authors hypothesized that the improvements in feed efficiency were associated with near complete destruction of phytate and removal of its antinutritive effects, thereby promoting more efficient digestion. This is supported by work demonstrating that added phytate reduces amino acid digestibility and endogenous enzyme activity in broilers and interferes with mineral digestibility through chelation with cations (Cowieson et al., 2006a,b; Liu et al., 2009) . Even the normal levels of phytate found in corn/ soybean meal-based diets can have a negative effect on growth performance and feed efficiency (Li et al., 2000) .
Therefore, the objectives of this trial were 1) to confirm previous results evaluating growth performance and feed efficiency of broilers fed superdoses of a novel microbial phytase and 2) to determine if these effects were associated with phytate destruction. To this end, graded levels of a novel microbial phytase were added to diets and compared with a standard diet and a standard diet with supplemental dicalcium phosphate. The purpose of the latter diet was to ensure that performance of the standard diet was not limited by P or Ca, so that any improvements in performance, feed efficiency, and bone ash could be attributed to phytate hydrolysis rather than P provision. In addition, gizzard digesta samples were obtained and analyzed for phytate, phytate esters, and inositol, and results were correlated with growth performance and bone ash.
Influence of superdoses of a novel microbial phytase on growth performance, tibia ash, and gizzard phytate and inositol in young broilers compared with broilers fed diets supplemented with phytase, but not different than the PC or PC+DCP. Phytase supplementation in the NC diet improved (P ≤ 0.05) BW gain comparable with or above that of the PC. Feed conversion ratio was improved in broilers fed the NC+1,000 or NC+1,500 compared with broilers fed all other diets. Tibia ash was reduced (P ≤ 0.05) in broilers fed the NC compared with broilers fed all other diets, and phytase supplementation improved tibia ash comparable with the PC. Phytase supplementation reduced (P ≤ 0.05) phytate (inositol hexa-phosphate) concentration in the gizzard. Inositol concentration in the gizzard was higher (P ≤ 0.05) in birds fed NC+1,000 or NC+1,500 compared with all other diets and this was correlated with growth performance (P ≤ 0.05) rather than tibia ash (P > 0.05). Improvements in feed conversion ratio associated with superdoses of phytase may be attributed to phytate destruction and the provision of inositol.
MATERIALS AND METHODS
All experimental procedures complied with US standards for use of vertebrate animals in research.
Birds and Husbandry
Cobb 500 male broilers (n = 1,680) were obtained at day of hatch, randomized, weighed, and placed in floor pens on clean pine shavings at a stocking density of 14.4 chicks/m 2 . Birds were maintained on a lighting program of 23L:1D from d 0 to 7, 18L:6D from d 8 to 14, and 14L:10D from d 15 to 21 and allowed ad libitum access to feed and water from d 0 to 21.
Dietary Treatments
All diets were based on corn-soybean meal and fed in crumbled form (Table 1) . With the exception of Ca and P in the negative control (NC), all diets were formulated to meet or exceed Cobb 500 requirements (Cobb 500 Broiler Performance and Nutrition Supplement, CobbVantress Inc., Siloam Springs, AR). Dietary treatments consisted of a positive control (PC); PC plus dicalcium phosphate (PC+DCP) formulated to provide Ca and P at 0.10% above the PC; PC plus 500 U/kg of microbial phytase (PC+500); a NC formulated to have Ca and avP reduced 0.16 and 0.15%, respectively, from the PC; and the NC plus phytase supplemented at 500 (NC+500), 1,000 (NC+1,000), or 1,500 (NC+1,500) U/kg. Each treatment was replicated by 12 pens of 20 chicks/pen. Corn was exchanged with enzyme where appropriate to take the diets to 100%. The phytase was a modified Escherichia coli 6-phytase expressed in Trichoderma reesei with an expected activity of 5,000 U/g (Quantum Blue, AB Vista Feed Ingredients, Marlborough, UK). One phytase unit is defined as the amount of enzyme required to release 1 µmol of inorganic P/min from sodium phytate at 37°C at pH 5.5.
Response Variables
Birds were weighed by pen before placement (d 0) and on d 21 to determine mean BW and calculate mean BW gain (BWG). Feed intake (FI) was also measured for d 0 to 21 and used to calculate FCR. Mortality was recorded daily, and any culled or dead birds were weighed. Treatment FI and thus FCR were adjusted according to the number of bird days per pen, where bird days is defined as the number of days each bird survived. Birds for sampling were anesthetized by exposure to CO 2 gas for approximately 30 s and euthanized by cervical dislocation for collection of tibias and gizzard digesta.
On d 21, four birds per pen of average BW were euthanized, and right tibias were obtained and pooled for determination of bone ash. Tibias were stripped of adhering tissues, wrapped in cheesecloth, and dried overnight at 100°C. Fat was extracted from the tibias using a Soxhelt apparatus and 100% ethyl ether according to modified methods of Watson et al. (2006) . Fat-extracted tibias were dried for 24 h at 100°C and ashed in a muffle furnace for 24 h at 600°C to determine bone ash.
Digesta was obtained from the entire gizzard from the same 4 birds euthanized for bone ash and pooled per pen. Digesta was dried at 110°C for 24 h and ground to pass a 1-mm screen. Dried and ground digesta was then analyzed for phytate [inositol hexa-phosphate (IP6)], phytate esters [inositol tri-phosphate (IP3), inositol tetra-phosphate (IP4), and inositol penta-phosphate (IP5)], and inositol using high-performance ion chromatography and methods of Blaabjerg et al. (2010) .
Diets were subjected to a total Ca and P analysis using a nitric acid and perchloric acid wet ash digestion. Phosphorus in the diets was analyzed colorimetrically using a Genesys 5 spectrophotometer (Thermo Electron Corporation, Madison, WI) at 410 nm according to methods of the Association of Official Analytical Chemists (1970) for P (method 7.095-7.098). Dietary Ca was determined using a Perkin Elmer Atomic Absorption spectrophotometer (Analyst 800, Ueberlingen, Germany) with 1% lanthanum oxide according to the methods of the Analyst 800 Atomic Absorption Spectrophotometer User's Guide (1998). Phytase recovered in the diets was analyzed by Enzyme Services and Consultancy (Ystrad Mynach, UK) according to modified methods of Engelen et al. (2001) .
Statistical Analysis
Data were subjected to an ANOVA using the standard least squares procedure of JMP 10.0 (SAS Institute Inc., Cary, NC). Pen served as the experimental unit for all parameters measured. The statistical model included diet. Gizzard phytate data were log-transformed before statistical analyses. When differences were significant, means were separated using Tukey's honestly significant difference test. Correlations between phytate, phytate esters, inositol, and growth performance and tibia ash were performed using the multivariate platform. Significant correlations were determined with pairwise comparisons. Significance was accepted at P ≤ 0.05.
RESULTS AND DISCUSSION
Analyzed total P and Ca in the diets were in agreement with formulated values (Table 1) . Phytase recovered in the diets was less than 50 U/kg for the PC, PC+DCP, and NC, and 503, 362, 945, and 1,390 U/kg for the PC+500, NC+500, NC+1,000 and NC+1,500, respectively. These results were expected when sample variation, mixing, and assay errors are considered. Mortality was approximately 2% and not related to dietary treatment (P = 0.61; data not shown). Broilers fed the NC diet ate less (P < 0.05) and were lighter (P < 0.05) than broilers fed diets supplemented with phytase (Table 2) . Tibia ash percent and weight were also lowest (P < 0.05) in broilers fed the NC diet compared with broilers fed all other diets (Table 2) . Phytase supplementation to the NC diet improved (P < 0.05) FI, BWG, and tibia ash percent comparable with the PC or PC+DCP. Phytase breaks down phytate and provides a more available source of P. This results in improved FI and BWG and an increase in tibia ash percentage when young broilers are fed diets low in avP (Onyango et al., 2005) or low in both avP and Ca (Dilger et al., 2004; Walk et al., 2013) .
Improvements in FCR due to phytase supplementation are generally less commonly reported due to the observed increases in BWG corresponding proportionately to that of FI as the dietary P deficiency is alleviated (Parmer et al., 1987; Waldroup et al., 2000) by phytase. For example, Onyango et al. (2005) and Rutherfurd et al. (2012) reported improvements in FI and BWG but no effect of phytase supplementation on feed efficiency of broilers fed low avP diets. Similarly, Dilger et al. (2004) reported improvements in FI and BWG in broilers fed phytase throughout a 42-d growing period, but a phytase response to FCR was only noted to d 21. However, Walk et al. (2013) reported significant improvements in the FCR of 49-dold broilers fed phytase compared with broilers fed a nutrient-adequate control diet. The previous results are in agreement with the current trial, where broilers fed the NC+1,000 or NC+1,500 diets were more (P < 0.05) efficient than broilers fed all other diets ( Table 2 ). The improvements in FCR in the absence of a substantial increase in tibia ash and no difference between the PC or PC+DCP suggest that the performance benefits of these diets are unrelated to Ca or P nutrition and may be associated with phytate destruction and alleviation of its antinutrient effects.
Quantification of phytate and phytate esters in the gizzard revealed IP6 and IP5 concentration was decreased (P < 0.05) with phytase supplementation, with a larger (P < 0.05) decrease in IP6 when phytase was supplemented in the NC diet (Table 3) . This resulted in a subsequent increase (P < 0.06) in IP3 concentra- tion in the gizzard, but only in broilers fed PC+500 or NC+500. The concentration of IP3 in the gizzard of broilers fed the NC diet supplemented with 1,000 or 1,500 U/kg of phytase was similar to that of the PC or PC+DCP. Broilers fed the NC diet supplemented with 1,000 or 1,500 U/kg of phytase had the highest (P < 0.05) concentration of inositol in the gizzard, and this was greater than broilers fed all other diets. Supplementation of corn/soy-based broiler diets with 1,000 or 1,500 U/kg of phytase resulted in undetectable levels of IP6 and a 45 or 26% increase in inositol in the gizzard compared with broilers fed the NC diet or the NC diet supplemented with 500 U/kg of phytase, respectively. Shirley and Edwards (2003) reported approximately 58 or 95% phytate P disappearance in broilers fed 750 or 12,000 U/kg of a microbial phytase, respectively. However, Leytem et al. (2008) reported only a 19% reduction in ileal phytate P concentration when broilers were fed 1,000 U/kg microbial phytase and different types of vegetable feed ingredients. The differences in phytate hydrolysis between the current trial and previously reported trials may be due to not only differences in phytate concentration of the feed ingredients versus corn/ soy diets but also the enzymatic characteristics of the phytase employed (Weaver et al., 2009) . Inositol is present in plant and animal cells, is an essential component for normal growth (Holub, 1986) , and is found at high concentrations in metabolically active tissues, such as the brain and testis (Fisher et al., 2002) . As previously reviewed by Holub (1986) , Fisher et al. (2002) , and Papaleo et al. (2009) , inositol functions as an osmolyte in the central nervous system, has a major role in maintenance of phospholipid structures and lipid metabolism, as well as functions in cell signaling and cell growth. Among vegetable ingredients, the highest concentration of inositol is present in beans and the lowest concentration is found in leafy vegetables and corn (Clements and Darnell, 1980) . In humans and rats, approximately 99.8% of the inositol ingested from the diet is absorbed in the gastrointestinal tract (Clements and Reynerston, 1977) . Supplementing broiler diets with inositol resulted in significant improvements in BWG and FCR, but these effects were inconsistent and dependent on the Ca and P level in the diet, the presence of phytase, and the age of the broiler (Zyła et al., 2004; Cowieson et al., 2013) . For example, di- etary inositol supplementation negatively affected feed efficiency of broilers from d 0 to 10, particularly in the absence of phytase and in low Ca and avP diets (Cowieson et al., 2013) . However, when 21-or 42-dold broilers were fed diets supplemented with inositol, FCR was significantly improved regardless of the Ca or avP level or the presence of phytase (Zyła et al., 2004; Cowieson et al., 2013 ). In the current study, inositol was not added in the diet but generated from phytate destruction by phytase, especially at doses >500 U/kg. Furthermore, in the current trial, inositol, IP6, or IP5 concentration in the gizzard was highly (P ≤ 0.05) correlated with growth performance rather than tibia ash (Table 4) . For example, IP6 or IP5 were negatively correlated with BWG and positively correlated with FCR. However, inositol concentration in the gizzard was positively correlated with BWG and negatively correlated with FCR. These results may suggest that as the concentration of IP6 or IP5 in the diet increased, there was a decrease in BWG and an increase in FCR and thereby reaffirm that phytate has a significant antinutritive effect on performance and feed efficacy. However, as IP6 was hydrolyzed by phytase and inositol concentration in the gizzard increased, there was an improvement in BWG and an improvement in broiler feed efficiency. Phytate interferes with endogenous enzyme secretion and activity (Liu et al., 2009 ) and reduces nutrient digestibility (Cowieson et al., 2006a,b) , which may have a negative impact on performance, particularly feed efficiency. Superdoses of phytase resulted in almost complete hydrolysis of IP6, an increase in inositol concentration in the gizzard, and improved broiler growth performance and FCR, without having a substantial effect on tibia ash beyond those of a nutrientadequate diet or a diet supplemented with excess Ca and P. Therefore, the benefits in BWG or FCR associated with superdoses of a novel microbial phytase may be associated with phytate destruction and provision of inositol, rather than excess P and Ca. 
